The functional role of a recently identified class of small nucleolar (sno)RNAs has been elucidated: the 'box H/ACA' snoRNAs act as guide RNAs, specifying the position of evolutionarily conserved pseudouridines in ribosomal (r)RNA via an rRNA-snoRNA base-pairing interaction that forms a 'pseudouridine pocket'.
The snoRNAs can be broadly divided into two groups, based on conserved sequence elements and common binding proteins. The first group is defined by the presence of two conserved sequence elements, boxes C and D (reviewed in [1, 2] ). These conserved sequences have been shown to be essential for snoRNA stability and for association with a protein known as fibrillarin (called Nop1p in yeast) (reviewed in [1, 2] ). A handful of the snoRNAs in this class have been shown to be involved in processing of pre-rRNA, but these are not the focus of this review and have been recently reviewed elsewhere [2] .
Last year it was demonstrated that many of the box C and D snoRNAs that are not involved in pre-rRNA processing act as guide RNAs to direct the 2′-O-methylation of specific nucleotides in rRNA ( [3] ; reviewed in [2, 4] ). The box C and D snoRNAs contain long (10-22 nucleotides) regions of perfect complementarity with rRNA that allow formation of a continuous, uninterrupted helix. The modified nucleotide in rRNA is always positioned a fixed distance -five nucleotides -5′ (relative to the snoRNA) of the conserved box D element in the snoRNA [3] . Alterations to the snoRNA sequence that shift the alignment of box D correspondingly shift the position that is modified, demonstrating conclusively that the sugar to be methylated in the rRNA is determined by position of the base pairing to the snoRNA ( [3] ; reviewed in [2, 4] ).
Members of the second class of snoRNAs, the box H/ACA snoRNAs [5, 6] , have two conserved sequence elements: the H box -ANANNA, where N is any base -and a nearly invariant ACA triplet located three nucleotides from the 3′ terminus of the RNA (Figure 1a) . The box H/ACA snoRNAs are defined by an evolutionarily conserved secondary structure referred to as a 'hairpin-hinge-hairpin-tail'. This structure consists of two long base-paired regions separated by a single stranded region, or 'hinge', and followed by a short single-stranded tail containing the ACA sequence [6] (Figure 1a ). In yeast, the box H/ACA snoRNAs are associated with a protein called Gar1p. Although the human homologue of Gar1 has not been identified, the box H/ACA snoRNAs are present in all eukaryotes examined [5] [6] [7] [8] .
Recently, two groups have elucidated the function of the H/ACA class snoRNAs in vivo [7, 8] . Fournier and coworkers [7] and Kiss and colleagues [8] concluded that snoRNAs of this class also act as guide RNAs, in this case directing the site-specific pseudouridylation of rRNA. One piece of evidence supporting this was the demonstration that depletion of the Gar1 protein results in a global lack of pseudouridylation of rRNA [9] , yet the Gar1 protein has no significant sequence similarity to pseudouridine synthases. It is possible that the H/ACA snoRNAs bind other common proteins, in addition to Gar1p, which either can recruit, or are themselves, pseudouridine synthases.
Kiss and colleagues [8] also demonstrated that a fragment of 18S rRNA as short as 13 nucleotides can still be correctly pseudouridylated, indicating that the signals responsible for specificity are relatively short. Furthermore, RNA primary sequence, as opposed to structure, may be recognized by the pseudouridylation machinery, as no stable secondary structure could be generated in the 13 nucleotide fragment [8] . Given these facts, it was proposed that the box H/ACA snoRNAs function as guide RNAs that determine the sites of rRNA pseudouridylation [7, 8] .
Using computer analysis, Ganot et al. [8] identified sequence motifs in the box H/ACA snoRNAs that may potentially form a 4-10 nucleotide helix with rRNA. They found that most human box H/ACA snoRNAs are capable of forming two relatively short base-paired helices which flank the pseudouridine positions in rRNA (Figure 1b) . Intriguingly, the last unpaired nucleotide before the second helix -reading 5′ to 3′ with respect to the snoRNA -is always a uridine which becomes pseudouridylated. There are frequently several unpaired nucleotides in the bulge, but the uridine to be modified is always unpaired, which could facilitate the rotation of the uracil about its N3-C6 axis during conversion to pseudouridine. Ganot et al. [8] deemed this structure the 'pseudouridylation pocket' and this model predicts that both the structure induced in the rRNA and the sequence of the snoRNA are critical for the modification.
Ganot et al. [8] then looked at box H/ACA snoRNAs in yeast and found that the same base-pairing rule applies to the yeast snoRNAs -the uridine in rRNA to be converted to pseudouridine is the last unpaired nucleotide 5′ of the second helix in the snoRNA-rRNA complex. Furthermore, the unpaired rRNA nucleotides that specify the uridine to be modified are always located a conserved distance from the conserved H or ACA boxes (Figure 1b) . In yeast, the distance is almost always 14 nucleotides, with a few instances of 15 or 13 nucleotides and one example of 16 nucleotides. This demonstrated that yeast snoRNA sequences can also form the pseudouridine pocket, indicating the model applies to, and can be tested in, a genetically tractable system.
To demonstrate that the snoRNAs really do specify sites for pseudouridylation, the two groups both performed gene disruption and plasmid complementation experiments [7, 8] . Ni et al. [7] examined the yeast snoRNA snR8, thought to be responsible for the modification of U985 in 25S rRNA. Ganot et al. [8] examined two snoRNAs: snR5, thought to be responsible for directing the pseudouridylation of two different positions in 25S rRNA, U1003 and U1123; and snR36, which specifies pseudouridylation at position U1185 in 18S. Both groups disrupted the appropriate snR gene in their respective host yeast strains; interestingly, the growth rates of the mutant cells were normal. The presence of pseudouridine was assayed using a technique devised by Bakin and Ofengand [10] , based on a chemical reaction that creates an adduct at the position of a pseudouridine which blocks reverse transcriptase.
Assaying the rRNA synthesized in the snR-disrupted strains in this way demonstrated an absence of pseudouridine only at the presumed target sites of the disrupted snR gene [7, 8] . Both groups then successfully replaced the snoRNA in the depleted strain by providing a plasmidborne copy of the snoRNA coding region. In all cases, the mature snoRNA accumulated in the cells and pseudouridine modification was restored. This showed that the snoRNA is indeed essential for pseudouridylation. Ganot et al. [8] went on to show that expression of a mutant version of snR36 in which the recognition motif was altered failed to restore pseudouridine modifications. This implies that disrupting the base-pairing between rRNA and a specific H/ACA snoRNA completely eliminates pseudouridylation at a specific site in rRNA. This work helps to outline and further defines the box H/ACA snoRNAs, by assigning to them a specific functional role, that of rRNA peudouridylation.
The snoRNAs, then, fall into two functional classes, which by chance do not fall neatly along the groups defined by consensus sequences and motifs. One functional class consists of the snoRNAs that play a role in rRNA processing Box H/ACA snoRNAs are characterised by the presence of two conserved sequence elements and a common structure. (a) The box H sequence (ANANNA) that forms the 'hinge', and the nearly invariant terminal ACA 'tail' sequence, have conserved positions in the 'hairpin-hinge-hairpin-tail' structure of box H/ACA snoRNA. As shown, rRNA has the potential to base-pair in the bulged region in one or both of the two hairpin regions. The rRNA uridine that will be converted to pseudouridine is always the last unpaired nucleotide before the second rRNA-snoRNA helix (going from 5′ to 3′ along the snoRNA). (b) The 'pseudouridine pocket' is formed by the base-pairing of the rRNA to the snoRNA. The position of the pseudouridine is always a conserved 13-15 nucleotides from the box H or box ACA, depending on whether the snoRNA uses just one or both hairpins for rRNA recognition sites. and are critical for cleavage of the pre-rRNA. This is by far the smaller of the two functional classes of snoRNAsonly four or five snoRNAs in this class have so far been identified in yeast and vertebrates. However, members of this class of snoRNAs are essential for growth in yeast (reviewed in [1] ), and many act by base-pairing directly with the pre-rRNA (reviewed in [2] ; see also [11] ). The second functional class of snoRNAs includes those that serve as guides directing rRNA modification. This functional class of snoRNAs encompasses both of the sequence-defined groups. The box C and D snoRNAs act as guides for sugar 2′-O-methylation which contain one long uninterrupted region of complementarity to rRNA targets. The box H/ACA snoRNAs act as guides for pseudouridine which possess two short regions of complementarity to rRNA.
We still do not understand the functional role of the modified nucleotides. Despite the fact that these modifications are evolutionarily conserved and require an elaborate and precise system for specifying and directing the modification machinery to the proper site, they do not appear to be critical for function. The modifications may provide additional sites for intramolecular interactions which stabilize the final folded and assembled ribosome, which may also provide some subtle selective advantage to maintaining such intricate modification machinery. Finally, we now know how many of the modified positions are specified, but we do not yet understand the mechanism or enzymatic machinery involved in the modifications themselves. The base-pairing role of the snoRNAs involved in rRNA modification may have been elucidated, but the mystery of the process, the snoRNP protein components, and the functional role of these modified nucleotides, remains.
